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Understanding the mechanisms that regulate atherosclerotic plaque formation and
evolution is a crucial step for developing treatment strategies that will prevent plaque
progression and reduce cardiovascular events. Advances in signal processing and the
miniaturization of medical devices have enabled the design of multimodality intravascular
imaging catheters that allow complete and detailed assessment of plaque morphology
and biology. However, a significant limitation of these novel imaging catheters is that they
provide two-dimensional (2D) visualization of the lumen and vessel wall and thus they
cannot portray vessel geometry and 3D lesion architecture. To address this limitation
computer-based methodologies and user-friendly software have been developed. These
are able to off-line process and fuse intravascular imaging data with X-ray or computed
tomography coronary angiography (CTCA) to reconstruct coronary artery anatomy. The
aim of this review article is to summarize the evolution in the field of coronary artery
modeling; we thus present the first methodologies that were developed to model vessel
geometry, highlight the modifications introduced in revised methods to overcome the
limitations of the first approaches and discuss the challenges that need to be addressed,
so these techniques can have broad application in clinical practice and research.
Keywords: hybrid intravascular imaging, data fusion methodologies, 3D reconstruction, coronary artery modeling,
coronary angiography
INTRODUCTION
Invasive coronary angiography is the reference standard for assessing the extent and severity of
coronary artery disease (CAD) which is a leading cause of death in the developed and developing
world (1). This modality however provides only a two dimensional (2D) representation of lumen
anatomy and thus it has limitations in quantifying luminal stenosis especially in the cases of
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foreshortening and vessel overlapping (2). Moreover, coronary
angiography cannot assess 3D vessel geometry and accurately
quantify lesion length. To address these limitations computerized
based methodologies have been developed that allow 3D
reconstruction of the coronary artery anatomy from two or
multiple angiographic views (2–4); These approaches enable
assessment of vessel geometry and accurate estimation of lesion
length and stenosis severity (2, 3). But on the other hand they do
not allow visualization of plaque characteristics which determine
plaque evolution and vulnerability (5–7).
Over the last few decades intravascular imaging catheters
have been designed which can be advanced into the coronary
arteries to obtain high-resolution cross-sectional images of the
vessels. This enables comprehensive visualization of the lumen
and plaque pathology. Intravascular ultrasound (IVUS) and
optical coherence tomography (OCT) were the first invasive
imaging techniques that were used to study plaque pathobiology
and provided unique insights about the mechanisms that
regulate plaque evolution. Validation studies using histology
as the gold standard have demonstrated the advantages but
also the limitations of IVUS and OCT in assessing plaque
characteristics and led research toward the development of
novel invasive imaging modalities that were able to overcome
the drawbacks of the first techniques (8–11). Near infrared
spectroscopy (NIRS), photoacoustic imaging (IVPA), near
infrared fluorescence imaging (NIRF), and time resolved
fluorescence spectroscopy (TRFS) imaging are some of these
invasive imaging techniques that were introduced to provide
additional information about vessel pathology and biology. These
modalities have been combined with IVUS or OCT in hybrid
intravascular catheters that are currently undergoing clinical
or preclinical evaluation and are expected to provide unique
TABLE 1 | The evolution of 3D reconstruction methodologies.
Methodology Accurate
extraction of lumen
geometry
Accurate estimation of the
orientation of the
intravascular imaging
frames
Extensive
validation
Side branch
reconstruction
Capable to
fuse non-gated
intravascular
images
No need for
prospective
imaging
protocol
Reliable
reconstruction
of stent
architecture
Klein et al. (22)
Lengyel et al. (23)
Wahle et al. (27)
Slager et al. (32)
Bourantas et al. (29)
Giannoglou et al. (28)
Tu et al. (83)
Van der Giessen et al. (58)
Bourantas et al. (43)
Li et al. (57)
Li et al. (77)
, excellent ability of the modality to detect the specific feature; , moderate ability of the modality to detect the specific feature; , weak ability of the modality to detect
the specific feature; , the modality is unable to detect the specific feature.
Advantages and limitations of the data fusion imaging techniques developed to reconstruct coronary artery anatomy.
mechanistic insights about atherosclerotic evolution (4, 11). A
limitation of these hybrid techniques is that they are unable
to portray the 3D vessel geometry. To overcome this drawback
several data fusion methodologies have been developed that
can retrospectively process intravascular imaging and coronary
angiography to generate 3D realistic models of vessel architecture
(Table 1). These models allow comprehensive visualization of
the distribution of the plaque and can be processed with
computational fluid dynamic (CFD) techniques to estimate
plaque structural stress (PSS) and endothelial shear stress (ESS),
which determine atherosclerotic evolution and predict future
events (12, 13). The aim of this review article is to provide
a comprehensive overview of the data fusion methodologies
developed for vessel modeling; we describe the approaches
introduced to fuse intravascular imaging and angiographic data
to model vessel geometry, present the modifications that were
made to optimize vessel reconstruction and facilitate their
application in research, and discuss the challenges that should be
overcome so that these approaches can be broadly used in the
study of atherosclerosis (Figure 1).
FIRST ATTEMPTS FOR CORONARY
ARTERY RECONSTRUCTION
Roelandt et al. were the first that attempted to reconstruct
coronary artery anatomy from IVUS imaging data (14). They
assumed that the catheter pull-back trajectory was a straight
line and then stacked the IVUS frames perpendicularly onto the
catheter trajectory to create a 3D model of the vessel wall that
had a cylindrical shape. The final model enabled evaluation of the
plaque volume and facilitated the development of methodologies
that would allow segmentation of the lumen and outer vessel
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FIGURE 1 | Advantages and limitations of different intravascular imaging modalities and algorithms proposed in different reconstruction methodologies for the
modelling of coronary artery geometry.
wall borders (15). A limitation of this approach is that the
IVUS model included frames acquired during the entire cardiac
cycle; however the vessel is moving during the cardiac cycle and
as a consequence the relative lateral and longitudinal position
of the IVUS probe with regards to the lumen changes (16).
These changes result in the so called “saw tooth” artifact in
the 3D model that is more prominent in normal vessels with
increased diameter and preserved compliance. To address this
pitfall electrocardiographic (ECG)-gated pull-back systems and
methodologies for a retrospective gating of the ECG data were
proposed; these approaches enabled selection of frames acquired
at a specific period of the cardiac cycle (i.e., at the end-diastole)
which were then used to reconstruct the vessel geometry (17, 18).
A similar approach was also introduced to reconstruct
coronary artery anatomy from OCT data (19). The obtained
models allowed evaluation of the distribution of the plaque,
of stent apposition, accurate detection of stent fracture
and visualization of the orifice of the side branches
(20). Today commercially available software have been
developed for this purpose and have been incorporated in
the OCT systems enabling real time representation of vessel
morphology, evaluation of the procedural results and optimal
treatment planning.
Despite the undoubted role of these reconstruction
methodologies in the clinical arena, they have significant
limitations as they are unable to portray coronary artery
geometry, evaluate the distribution of the plaque onto the vessel
and accurately quantify plaque volume especially in the case of
increased curvature where neglecting vessel curvature can lead
to an underestimation of the plaque volume by 5% (21).
FUSION OF CORONARY ANGIOGRAPHY
AND INTRAVASCULAR ULTRASOUND
In 1992 Klein et al. for the first time suggested fusion of
IVUS and X-ray angiography for a more reliable assessment of
vessel architecture (22). The proposed methodology included the
segmentation of the IVUS images, the extraction of the luminal
centerline from two angiographic projections and the placement
of the detected contours onto the luminal centerline. A limitation
of the proposed methodology is that it was unable to correctly
orientate the IVUS borders onto the luminal centerline. Lengyel
et al. (23) in 1995 overcame this limitation by using anatomical
landmarks (i.e., side branches) that were visible in both IVUS and
angiographic images to estimate the rotational orientation of the
IVUS frames. This methodology was easy to use and appeared
able to provide geometrically correct reconstruction; however it
did not have applications in the clinical arena because it was not
validated in detail (23).
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A year later Shekhar et al. proposed an alternative approach
for coronary reconstruction; the authors used an ECG-gated
pull-back device for IVUS pull-back and acquired numerous
biplane angiographic images during the pull-back so as to
identify in X-ray images the position of the IVUS-catheter
tip at each end-diastolic frame (24). They then extracted the
IVUS catheter path from the biplane angiographic images and
placed each frame onto the path in the corresponding position;
each frame was then rotated at an angle so as its projections
onto the angiographic images to best match with the luminal
silhouette in these projections. In vivo validation of the developed
methodology using X-ray angiography as the gold standard
demonstrated that it provides accurate coronary modeling;
however the time consuming protocol and increased radiation
required for coronary reconstruction did not allow this method
to have applications in the clinical arena (25).
Conversely the methodology of Laban et al. presented in
1995 required only two biplane angiographic projections for
coronary artery reconstruction enabling its broad application in
the study of atherosclerosis (26). The first biplane projection
should portray a calibration object, the IVUS catheter and
the lumen silhouette—obtained during diluted contrast agent
injection—before the beginning of the IVUS pull-back while the
second the calibration object the IVUS catheter and the lumen
silhouette at the end of the pull-back. These projections were
used to extract the IVUS catheter path where it was assumed
that it corresponded to the IVUS trajectory during the pull-
back. The end-diastolic frames acquired during IVUS imaging
were identified and segmented and the detected contours were
placed perpendicularly onto the catheter path. The Frenet-Serret
formula was then used to estimate the relative axial twist of
the IVUS frames. Their absolute orientation was estimated by
comparing the projections of these frames and the projection
of the reconstructed path onto the angiographic images with
the lumen and path silhouette in these X-ray images. Similar
approaches for coronary artery reconstruction were proposed by
Wahle et al., Gianoglou et al. and Bourantas et al. who proposed
a more robust methodology for the catheter path extraction
from coronary angiography (27–29). The above approaches were
extensively validated in phantom models, in vivo and ex vivo and
were broadly used in the research arena to study plaque strain
distribution and the implications of the local hemodynamic
forces on plaque formation destabilization and rupture in native
and stented segments (Figures 2, 3) (27–29, 31–35).
However, a limitation of the above methodologies is the
fact they require the implementation of a specific protocol in
the catheterization laboratory that includes X-ray imaging of
calibration objects and acquisition of biplane angiographic
images that would allow visualization of the IVUS catheter
and the lumen silhouette at the beginning and the end
of the pull-back. To enhance the application of coronary
modeling in research, Bourantas et al. proposed an updated
reconstruction methodology that includes the extraction
of the luminal centerline of the studied vessel from two
angiographic projections—as suggested by Leyngyel et al. (23);
the identification and segmentation of the end-diastolic IVUS
images, the placement of the IVUS borders perpendicularly
onto the vessel centerline, the estimation of their relative twist
using the sequential triangulation algorithm and then the
use of anatomical landmarks seen in both IVUS and X-ray
imaging to define the orientation of the 1st IVUS frame (36).
Validation of this approach using the conventional “catheter-
path” reconstruction methodology (29) in 22 patients (27
vessels) demonstrated that this new approach allows reliable
representation of vessel geometry, quantification of the luminal
dimensions and atheroma burden and accurate estimation
of the ESS distribution (36). This approach enabled for the
first time coronary artery reconstruction using data acquired
during conventional IVUS imaging and today it has been
extensively used to process imaging data obtained in large
intravascular imaging studies of coronary atherosclerosis
such as the PROSPECT and IBIS 4 studies and examine
the implications of the local hemodynamic forces on plaque
progression and destabilization in native vessels and on
neointima healing and composition in drug eluting and bare
metal stents (37–39).
The “centerline” methodology presented by Bourantas et al.
may have broadened the application of computational modeling
in the study of atherosclerosis but it also has a major limitation as
it does not incorporate side branches in the final model which
appear to alter flow patterns and affect ESS estimations (40).
To overcome this problem Samady et al. proposed inclusion
of side branch geometry in the final model (41). Side branch
reconstruction in this methodology is performed by taking into
account its orifice in IVUS images and the side branch geometry
extracted from the angiographic images. This approach has been
used to examine the effect of the ESS and oscillatory ESS on
plaque composition and morphology but is yet to be validated
in detail (41, 42).
FUSION OF CORONARY ANGIOGRAPHY
AND OPTICAL COHERENCE
TOMOGRAPHY IMAGING
The fusion of IVUS and X-ray imaging may have provided
unique opportunities for assessing vessel geometry, quantifying
plaque burden and examining the effect of the local
hemodynamic forces on plaque progression. However, it
has failed to accurately assess the interplay between ESS
and plaque micro-characteristics associated with increased
vulnerability and the estimation of flow patterns following
stent/scaffold implantation. To overcome these limitations
and examine the implications of local hemodynamic forces on
plaque destabilization and rupture, fusion of OCT and coronary
angiography has been proposed. Bourantas et al. were the first
that used OCT-based reconstruction to assess ESS distribution
in a ruptured plaque (43). The culprit vessel was imaged using a
M3 OCT system (LightLab Imaging Inc., Westford, MA, USA)
that was pulled-back at a constant speed of 3 mm/s. From these
images the end-diastolic frames were selected, using a view
mixer that allowed simultaneous visualization of the ECG and
OCT sequence, and these frames were then co-registered with
the angiographic data using an established methodology that
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FIGURE 2 | One of the first applications of in vivo 3D-reconstruction modeling that examined the role of ESS on neointima formation. (A) shows an angiographic
projection of the left anterior descending coronary artery treated with bare metal stents; the arrow indicates a step-up at the proximal segment of the stent. (B) shows
the coronary artery model post stent implantation reconstructed from the fusion of X-ray angiography and IVUS; the outer vessel wall surface is shown in a
semi-transparent fashion. The arrow indicates the step-up location noted in the angiographic images; (C) shows a magnified view of that segment while (D) portrays
the blood flow streamlines estimated after blood flow simulation; a recirculation zone is noted at the step-up site. At that location low ESS are noted (E) that
co-localize with increased neointima proliferation noted in the vessel model at 4 months follow-up (F). A significant inverse association was reported between ESS and
neointima thickness at follow-up (G). The figure was obtained with permission from Thury et al. (30).
was proposed for the fusion of X-ray angiography and IVUS
(29). Blood flow simulation was performed in the obtained
model and the ESS was estimated. High ESS was noted in the
region of the ruptured plaque; these findings are in line with the
results reported in IVUS-based reconstructions and highlight the
potential implications of flow patterns on plaque destabilization
and rupture (44, 45).
The first methodology for geometrically correct
reconstruction of the coronary artery anatomy from frequency
domain (FD)-OCT and X-ray angiography was proposed by
Athanasiou et al. (46) and validated by Papafaklis et al. (47).
FD-OCT-based reconstruction poses a challenge, as in contrast
to the IVUS-based modeling where only end-diastolic frames
are used, in FD-OCT modeling all the frames have to be
included. This is because the high pull-back speed (18–40 mm/s)
in FD-OCT results in a very small number of end-diastolic
images. Placement of non-end-diastolic frames onto the catheter
path—as previous approaches suggested (27–29, 32)—would
result in motion artifacts and a rugged luminal surface because
of the relative lateral movement of the OCT catheter in the
lumen during the cardiac cycle. In order to address this challenge
Athanasiou et al. (46) proposed the use of the lumen centerline,
extracted from two end-diastolic angiographic projections, for
the placement of the OCT contours. Then the authors used
the sequential triangulation algorithm and the origin of side
branches to estimate the absolute orientation of the OCT frames.
A similar approach for OCT-based reconstruction has been
proposed by Toutouzas et al. (48). In vivo validation of the
“centerline” methodology using IVUS-based reconstruction as
the gold standard showed that OCT-based modeling is effective
in assessing vessel geometry and estimating ESS distribution (47).
Over the last years this methodology has been extensively used
to examine the association between local hemodynamic forces
and plaque micro-characteristics (49, 50), assess the implications
of flow patterns on neointima and neo-atherosclerotic lesion
formation and rupture (51, 52), and evaluate the effect of
different stent/scaffold designs on the local hemodynamic
environment (53–55).
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FIGURE 3 | Reconstruction of a right coronary artery from IVUS and angiographic data with the lumen surface portrayed in a red color and the outer vessel wall in a
semi-transparent fashion (A). In (B) the plaque distribution is displayed in a color-coded map (the red-brown color corresponds to low plaque thickness and yellow to
increased plaque). (C) shows the distribution of the plaque in a stenotic segment in 2D. The symbols U, L, D, and T denote the upstream the lateral, the downstream
shoulder and the throat of the plaque, respectively. (D) illustrates in 2D the plaque strain distribution and (E) the ESS distribution. It is obvious that there is a good
correlation between vessel wall strain and ESS implying an interaction between these two variables. Image obtained with permission and modified from
Gijsen et al. (31).
The above OCT-based reconstruction methodology may have
significant applications in the research arena but it also has
two significant limitations: (1) it is not able to correct the
geometrical error caused by the longitudinal movement of the
OCT catheter within the vessel during the cardiac cycle (16, 56)
and (2) the obtained 3D models do not incorporate vessel’s
side branches. To address these drawbacks Li et al. proposed
a modified approach for coronary artery reconstruction (57).
This method suggested the use of 3D QCA to reconstruct the
segment that was assessed by OCT and its side branches and then
fuse the OCT images with the 3D QCA model. The orifices of
the side branches were identified in the OCT images and this
information was used to identify the longitudinal position of the
OCT frames onto the 3D QCAmodel and estimate their absolute
orientation. For the frames located between the side branches
an interpolation technique was used to estimate their location
and absolute orientation. A CFD analysis of the reconstructed
models showed that the incorporation of the side branches had
a significant effect on the ESS distribution with the average ESS
being 4.64 Pa lower in models that included the side branches
comparing to those that did not contain the side branches (P
< 0.0001). Although this approach appears superior to others,
previously reported in the literature, it does have limitations as
it makes two assumptions; more specifically: (1) it implements an
interpolation technique to place on the lumen centreline the OCT
frames between those portraying side branches; this assumption
cannot correct the error caused by the longitudinal motion of the
OCT catheter that is increased at the beginning of the systole, and
(2) it uses the origin of the side branches, which cannot be always
accurately assessed in two angiographic projections, to estimate
the rotational orientation of the OCT contours.
Moreover, this approach has not been thoroughly validated
and therefore it is unclear what is the effect of the above
limitations on vessel reconstruction and ESS computation.
FUSION OF COMPUTED TOMOGRAPHY
CORONARY ANGIOGRAPHY AND
INTRAVASCULAR IMAGING
The methodologies developed to reconstruct the coronary artery
anatomy from X-ray angiography and intravascular imaging data
rely on the extraction of the lumen centerline or the catheter
path from two angiographic projections. The angle difference
between the two projections as well as the presence of vessel
foreshortening in these projections can affect the efficacy of
these approaches in assessing vessel geometry. Moreover, as it
was stated above, the origin of the side branches is likely to
not be well visible in the projections used for coronary artery
reconstruction and this can affect the accurate estimation of the
absolute orientation of the intravascular images on the 3Dmodel.
These limitations can be overcome by the use of CTCA which
provide 3D images of the coronary artery tree.
In 2010 van der Giessen et al. were the first to propose
the fusion of CTCA and IVUS imaging to reconstruct the
coronary arteries (58). This approach includes the following
steps: (1) extraction of the lumen centerline from CTCA, (2)
creation of CTCA cross sectional images that are perpendicular
to the side branches, (3) identification of matched frames
between end-diastolic IVUS and CTCA images, (4) placement
of the IVUS frames showing side branches perpendicularly
onto the lumen centerline in the corresponding locations in
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CTCA, (5) estimation of their absolute orientation using these
branches, and (6) placement of the end-diastolic IVUS frames
located between the frames with identifiable landmarks onto
the vessel centerline using linear interpolation and estimation
of their rotational orientation using spherical interpolation
(Figure 2). This approach has significant advantages as it allows:
(1) full representation of the coronary artery anatomy and
geometry including side branches, (2) accurate extraction of
vessel architecture from the 3D CTCA imaging data, and (3)
reliable orientation of the intravascular images.
This approach has been used to evaluate the role of ESS on
vessel wall healing following bioresorbable scaffold implantation
and investigate the role of multidirectional ESS on the
development of advanced atherosclerotic plaques in pig models
FIGURE 4 | Methodology developed for the reconstruction of the coronary
artery anatomy from CTCA and intravascular imaging data. (A) The luminal
centerline is extracted from the CTCA imaging data and then CTCA
cross-sectional images are generated perpendicularly to the centerline. (B) The
CTCA images are matched with the IVUS images using anatomical landmarks
that are seen in both IVUS and CTCA; the IVUS images are placed onto the
luminal centerline and then the landmarks are used to estimate their absolute
orientation. An interpolation technique is used to estimate the location and
orientation of the frames located between side branches. The final model is
shown in (C,D). The figure was obtained with permission from Gijsen et al. (78).
(59, 60). The accurate co-registration of intravascular imaging
and CTCA also offers the potentiality for a direct comparison
of these two techniques and thus detailed evaluation of the
ability of non-invasive imaging in assessing the lumen and outer
vessel wall dimensions and characterizing plaque morphology
(58, 61–63). A major limitation of this approach is that
coronary reconstruction requires CTCA, coronary angiography
and intravascular imaging data. Moreover, similar to the other
reconstruction approaches this methodology is laborious and
time consuming as human interaction is needed in most of the
reconstruction steps and it has not been validated yet.
SOFTWARE DEVELOPED FOR CORONARY
ARTERY MODELING
To enhance the research applicability of the 3D reconstruction
methodologies mentioned above, user—friendly systems have
been developed that operate in a user-friendly environment
and expedite coronary reconstruction (Figure 3). The first
software was developed by Wahle et al. and incorporated the
algorithms of the methodology developed by Wahle et al. in
1999 (27). To visualize the final models the authors used the
standardized Virtual Reality Modeling Language (VRML) and
designed a module where the operator could assess the luminal
and the media—adventitia surface and estimate the plaque
burden distribution since the plaque thickness was color coded
displayed (64). Moreover, this system allowed evaluation of vessel
curvature that was also portrayed using a color coded map and
incorporated a 3D graphical user interface that enabled virtual
endoscopy of the reconstructed vessel. In addition, the software
included a module for blood flow simulation and computation
of the ESS. Despite these unique advantages this system had
limited application in research as it required the implementation
of prospective protocol for data acquisition and increased time
for coronary artery reconstruction.
ANGIOCARE (Figure 5) was the 2nd system developed
for the fusion of intravascular imaging and coronary
angiography (Figures 3A–D) (65). This software incorporated
the methodology for arterial reconstruction proposed by
Bourantas et al. (29) and a module for the segmentation of the
IVUS images (66). In addition, ANGIOCARE included a 3D
photorealistic visualization platform that allowed comprehensive
representation of the reconstructed model, visual inspection
of vessel morphology and evaluation of the distribution of
the plaque (depicted in a color—coded map). In addition, the
developed module allowed the operator to interact with the
model select a segment and obtain quantitative information
(i.e., lesion length, plaque volume, minimum luminal area, the
reference luminal area, etc.) that could be used for PCI planning.
A limitation of ANGIOCARE is the fact that it did not allow
blood flow simulation and estimation of the ESS distribution.
IVUSAngio tool is the only freely available software for the
fusion of IVUS and angiographic imaging data (67). The software
incorporated the methodology of Giannoglou et al. (67) and
included modules designed for the segmentation of IVUS, the
extraction of the catheter path and the fusion of the imaging data
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FIGURE 5 | Software developed to reconstruct the coronary artery anatomy in a user-friendly environment. (A–D) portray a snapshot of the ANGIOCARE software.
(A) illustrates the module developed for the pre-processing and analysis of intravascular imaging data, while (B) the module designed for the extraction of the catheter
(Continued)
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FIGURE 5 | path from two angiographic projections. Finally, (C,D) show the platform designed for the visualization of the 3D model. The operator can appreciate the
lumen geometry (C), assess plaque distribution portrayed in a color-coded map (blue indicates no plaque and red indicates increased plaque burden) and assess the
lumen morphology from inside (D). (E–H) portray snapshots of the IVUSAngio tool. (E) shows the module for IVUS analysis, (F) the tool designed for the catheter path
extraction, (G) illustrates the 3D model with the media-adventitia shown in a semi-transparent fashion, enabling evaluation of the distribution of the plaque burden and
(H) portrays an endoscopic view of the lumen morphology. Finally, (I,J) illustrate snapshots of the software designed by Leiden University for the reconstruction of
coronary artery anatomy. The annotated intravascular imaging data and the 3D-QCA model are imported and fused. The operator can identify in the lumen centerline
the location of frames portraying side branches and use these to estimate their rotational orientation (I). The reconstructed lumen is then fused with the side branch
model obtained by 3D-QCA to generate the final vessel geometry. (J) shows the reconstructed vessel; the outer vessel wall is shown in a semi-transparent fashion,
which allows evaluation of the distribution of the plaque.
FIGURE 6 | Advanced methodology proposed for the reconstruction of stented segments. In each OCT frame the lumen border is detected and the location of the
stent struts is annotated (A). The OCT contours are placed perpendicularly onto the lumen centerline (B) extracted by two angiographic projections and the location
of the side branches are used to estimate their absolute orientation (C). A similar approach is used to estimate the location of the struts in 3D space (D). A
methodology that relies on the location of the stent struts in 3D space and on a priori knowledge of stent architecture is used to reconstruct the stent geometry that is
fused with the lumen geometry to reconstruct the stented segment (E,F). This approach enables accurate reconstruction of the protruded or malapposed struts (G)
and evaluation of their implications on the local hemodynamic forces (H).
and included a visualization platform where the operator could
interact with the reconstructed vessel, review and examine model
architecture and plaque distribution, identify the location of each
frame onto themodel and inspect the 3Dmodel from inside using
a fly through camera.
University of Leiden and Medis Medical Imaging Systems
BV have recently developed a novel software for coronary
reconstruction (Figures 3E–H). The software requires as an
input the 3D QCA model—including vessel’s side branches—
of the segment assessed by IVUS/OCT that was reconstructed
by the QAngio XA 3D software (Medis Medical Imaging
Systems, Leiden, The Netherlands) and the IVUS/OCT borders
segmented using the QCU-CMS software (Division of Image
Processing, Department of Radiology, Leiden, The Netherlands,
Leiden, The Netherlands). It has incorporated the algorithms
of the methodology proposed by Li et al. (57) in a user-
friendly environment and allows seamless reconstruction of
vessel architecture and generation of 3D models that are stored
in an .stl or .iges format. The latter software is currently used
to process data collected in large scale prospective intravascular
imaging studies of coronary atherosclerosis and assess the role of
ESS distribution in predicting atherosclerotic disease progression
and lesions with a vulnerable phenotype that will cause events.
DISCUSSION
Fusion of intravascular imaging data and X-ray angiography or
CTCA imaging has enabled accurate reconstruction of coronary
artery geometry and the generation of 3D models that can be
processed with CFD techniques to evaluate vessel flow patterns
and examine the effect of the hemodynamic forces on plaque
evolution. These models have been enriched our understanding
about the mechanisms that regulate atherosclerotic disease
progression enabling more accurate prediction of lesions that are
likely to progress and cause events (35, 37, 38).
The PREDICTION study which was the first prospective
clinical study that used at scale fusion of intravascular imaging
and X-ray angiography to assess the ESS distribution and
highlighted the prognostic value of ESS in predicting plaque
progression, thereby creating hope that an invasive assessment
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of plaque morphology combined with CFD analysis could enable
accurate detection of vulnerable plaques (35). The findings
of this study led research toward the development of easy
to use methodologies that will be able to generate accurate
representation of vessel geometry by fusing IVUS or OCT
data with X-ray imaging data acquired during a conventional
coronary angiography. These approaches have been used to
retrospectively analyze intravascular imaging data acquired in
large scale imaging studies of coronary atherosclerosis. A CFD
analysis of the data acquired in the PROSPECT study showed
that lesions with a high-risk morphology that were exposed to
low ESS were likely to progress and cause cardiovascular events.
This study also showed that the patients who had lesions with
an unfavorable plaque morphology and physiology were the
most vulnerable and at a high-risk to suffer a cardiovascular
event (37). Retrospective fusion of IVUS, OCT and coronary
angiography has also been used to process the data acquired in
the IBIS 4 study—a multicenter study that utilizes serial virtual
histology(VH)-IVUS andOCT imaging to assess the implications
of aggressive treatment with Rosuvastatin on plaque phenotype—
and examine the predictive accuracy of ESS patterns and plaque
characteristics assessed by multimodality imaging in detecting
segments that were likely to exhibit disease progression at 13
months follow-up (38, 68). In this study low ESS and VH-
IVUS-derived but not OCT-derived plaque characteristics were
predictors of disease progression. The findings of this analysis
casted doubts about the efficacy of multimodality imaging in
detecting vulnerable plaques. A limitation of this study was the
small number of the studied vessels and the absence of events
that did not allow us to examine the potential of multimodality
imaging combined with CFD-modeling in detecting plaques that
will cause events. Future studies are expected to use hybrid
intravascular imaging to thoroughly assess plaque morphology
and pathology and fuse these data with X-ray angiography or
CTCA to determine ESS distribution in order to accurately
predict vulnerable plaques. Studies combining NIRS-IVUS and
X-ray or CTCA imaging to examine the association of ESS and
plaque composition and evaluate its role on plaque progression
have been recently reported (60, 69); data acquired in the
future by the combined IVUS-OCT imaging catheter or by the
hybrid NIRS-OCT or the IVPA-IVUS catheter are anticipated
to be merged with X-ray or CTCA images to assess more
accurately the interplay between plaque phenotype and plaque
physiology. Moreover, models obtained by NIRF-IVUS or NIRF-
OCT imaging combined with X-ray or CTCA imaging data, are
anticipated to allow assessment of the role of ESS distribution on
vascular biology and plaque inflammation.
The developed user-friendly software that included
established data fusion algorithms are expected to facilitate
research in the field and allow more complex simulations and
complete assessment of vessel physiology. Cumulative data
have highlighted the role of PSS on plaque destabilization and
its value in predicting vulnerable lesions (70–72). The studies
however that examined the prognostic implications of PSS
focused on the analysis of IVUS cross-sectional images and did
not take into account 3D vessel geometry. Further advances
in software design and incorporation of plaque composition
in the 3D models-derived by hybrid intravascular imaging
techniques or polarized OCT (73) are expected to enable
accurate assessment of PSS and evaluation of the synergetic effect
of ESS and PSS on vulnerable plaque formation, destabilization
and rupture (74).
Recent reports have highlighted the need to refine the
methodologies for the reconstruction of vessel architecture
especially in stented segments (75–77). Advanced methodologies
have been presented lately (Figures 4, 6) that are able to
separately reconstruct stent geometry and lumen surface and
then fuse these models to generate a final lumen-stent object.
These approaches are anticipated to provide more realistic
representation of lumen architecture in stented segments and
enable reliable evaluation of ESS distribution especially in the
case of strut malapposition and at the orifice of the side
branches where the protruded struts cause flow disturbances.
These methods will be used in the future to conduct complex
CFD analyses that will take into account the non-Newtonian
behavior of the blood to precisely compute shear rate and
stress distribution, quantify flow disturbances and identify areas
that are exposed to an unfavorable hemodynamic milieu and
are at risk of restenosis and stent/scaffold thrombosis (79–
81). Moreover, these reconstruction approaches are expected to
have value in the evaluation of the hemodynamic implications
following implantation of different stent/scaffold designs and be
extensively used to optimize stent configuration and develop
revisions that will create a favorable hemodynamic environment
following their implantation (54, 55, 82).
CONCLUSION
Fusion of intravascular imaging and angiographic or CTCA
imaging data allows generation of 3D models that accurately
portray the vessel geometry and enable evaluation of plaque
composition. These approaches have been extensively used to
examine the implications of flow patterns on atherosclerotic
disease progression and stent/scaffold thrombosis. Further
advances in intravascular imaging, catheter design and the
development of methodologies that will allow estimation of
the distribution of different plaque components on the 3D
plaque, and accurate reconstruction of stent architecture are
expected to provide a complete and detailed evaluation of luminal
geometry and coronary artery pathology. They are also expected
to permit more precise quantification of the local hemodynamic
forces, better prediction of plaque evolution, and optimization
of focal therapies developed for the treatment of culprit or
vulnerable lesions.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.
FUNDING
HS was funded by British Heart Foundation (PG/17/18/32883)
while AR, RB, AB, and CB by Barts Biomedical Research Centre.
Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 March 2020 | Volume 7 | Article 33
Kilic et al. Intravascular Imaging-Based Coronary Artery Modeling
REFERENCES
1. Brown BG, Bolson E, Frimer M, Dodge HT. Quantitative coronary
arteriography: estimation of dimensions, hemodynamic resistance, and
atheroma mass of coronary artery lesions using the arteriogram and digital
computation. Circulation. (1977) 55:329–37. doi: 10.1161/01.CIR.55.2.329
2. Yong AS, Ng AC, Brieger D, Lowe HC, Ng MK, Kritharides L. Three-
dimensional and two-dimensional quantitative coronary angiography, and
their prediction of reduced fractional flow reserve. Eur Heart J. (2011) 32:345–
53. doi: 10.1093/eurheartj/ehq259
3. Bourantas CV, Tweddel AC, Papafaklis MI, Karvelis PS, Fotiadis DI,
Katsouras CS, et al. Comparison of quantitative coronary angiography with
intracoronary ultrasound. Can quantitative coronary angiography accurately
estimate the severity of a luminal stenosis? Angiology. (2009) 60:169–
79. doi: 10.1177/0003319708317338
4. Tu S, Xu L, Ligthart J, Xu B, Witberg K, Sun Z, et al. In vivo comparison
of arterial lumen dimensions assessed by co-registered three-dimensional
(3D) quantitative coronary angiography, intravascular ultrasound and
optical coherence tomography. Int J Cardiovasc Imaging. (2012) 28:1315–
27. doi: 10.1007/s10554-012-0016-6
5. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS, et al. A
prospective natural-history study of coronary atherosclerosis. N Engl J Med.
(2011) 364:226–35. doi: 10.1056/NEJMoa1002358
6. Waksman R, Di Mario C, Torguson R, Ali ZA, Singh V, Skinner
WH, et al. Identification of patients and plaques vulnerable to
future coronary events with near-infrared spectroscopy intravascular
ultrasound imaging: a prospective, cohort study. Lancet. (2019)
394:1629–37. doi: 10.1016/S0140-6736(19)31794-5
7. Prati F, Romagnoli E, Gatto L, La Manna A, Burzotta F, Ozaki Y, et al.
Relationship between coronary plaque morphology of the left anterior
descending artery and 12 months clinical outcome: the CLIMA study. Eur
Heart J. (2019) 41:383–91. doi: 10.1093/eurheartj/ehz520
8. Bourantas CV, Garcia-Garcia HM, Naka KK, Sakellarios A, Athanasiou L,
Fotiadis DI, et al. Hybrid intravascular imaging: current applications and
prospective potential in the study of coronary atherosclerosis. J Am Coll
Cardiol. (2013) 61:1369–78. doi: 10.1016/j.jacc.2012.10.057
9. Bourantas CV, Jaffer FA, Gijsen FJ, van Soest G, Madden SP, Courtney BK,
et al. Hybrid intravascular imaging: recent advances, technical considerations,
and current applications in the study of plaque pathophysiology. Eur Heart J.
(2017) 38:400–12. doi: 10.1093/eurheartj/ehw097
10. Ramasamy A, Serruys PW, Jones DA, Johnson TW, Torii R, Madden SP, et al.
Reliable in vivo intravascular imaging plaque characterization: a challenge
unmet. Am Heart J. (2019) 218:20–31. doi: 10.1016/j.ahj.2019.07.008
11. Bourantas CV, Garcia-Garcia HM, Diletti R, Muramatsu T, Serruys PW.
Early detection and invasive passivation of future culprit lesions: a future
potential or an unrealistic pursuit of chimeras? Am Heart J. (2013) 165:869–
81.e4. doi: 10.1016/j.ahj.2013.02.015
12. Thondapu V, Bourantas CV, Foin N, Jang IK, Serruys PW, Barlis
P. Biomechanical stress in coronary atherosclerosis: emerging
insights from computational modelling. Eur Heart J. (2017)
38:81–92. doi: 10.1093/eurheartj/ehv689
13. Brown AJ, Teng Z, Evans PC, Gillard JH, Samady H, Bennett MR. Role of
biomechanical forces in the natural history of coronary atherosclerosis. Nat
Rev Cardiol. (2016) 13:210–20. doi: 10.1038/nrcardio.2015.203
14. Roelandt JR, di Mario C, Pandian NG, Wenguang L, Keane D, Slager CJ,
et al. Three-dimensional reconstruction of intracoronary ultrasound images.
Rationale, approaches, problems, and directions. Circulation. (1994) 90:1044–
55. doi: 10.1161/01.CIR.90.2.1044
15. Dijkstra J, Koning G, Reiber JH. Quantitative measurements in IVUS
images. Int J Card Imaging. (1999) 15:513–22. doi: 10.1023/A:10063345
17720
16. Arbab-Zadeh A, DeMaria AN, Penny WF, Russo RJ, Kimura BJ, Bhargava
V. Axial movement of the intravascular ultrasound probe during the
cardiac cycle: implications for three-dimensional reconstruction and
measurements of coronary dimensions. Am Heart J. (1999) 138(5 Pt 1):865–
72. doi: 10.1016/S0002-8703(99)70011-6
17. De Winter SA, Hamers R, Degertekin M, Tanabe K, Lemos PA, Serruys PW,
et al. Retrospective image-based gating of intracoronary ultrasound images for
improved quantitative analysis: the intelligate method. Catheter Cardiovasc
Interv. (2004) 61:84–94. doi: 10.1002/ccd.10693
18. von Birgelen C, Mintz GS, Nicosia A, Foley DP, van der Giessen WJ,
Bruining N, et al. Electrocardiogram-gated intravascular ultrasound
image acquisition after coronary stent deployment facilitates on-line
three-dimensional reconstruction and automated lumen quantification.
J Am Coll Cardiol. (1997) 30:436–43. doi: 10.1016/S0735-1097(97)
00154-X
19. Tearney GJ, Waxman S, Shishkov M, Vakoc BJ, Suter MJ, Freilich MI,
et al. Three-dimensional coronary artery microscopy by intracoronary
optical frequency domain imaging. JACC Cardiovasc Imaging. (2008) 1:752–
61. doi: 10.1016/j.jcmg.2008.06.007
20. Farooq V, Gogas BD, Okamura T, Heo JH, Magro M, Gomez-Lara J,
et al. Three-dimensional optical frequency domain imaging in conventional
percutaneous coronary intervention: the potential for clinical application. Eur
Heart J. (2013) 34:875–85. doi: 10.1093/eurheartj/ehr409
21. Schuurbiers JC, von Birgelen C, Wentzel JJ, Bom N, Serruys PW,
de Feyter PJ, et al. On the IVUS plaque volume error in coronary
arteries when neglecting curvature. Ultrasound Med Biol. (2000) 26:1403–
11. doi: 10.1016/S0301-5629(00)00295-7
22. Klein HM, Gunther RW, Verlande M, Schneider W, Vorwerk D, Kelch J, et al.
3D-surface reconstruction of intravascular ultrasound images using personal
computer hardware and a motorized catheter control. Cardiovasc Intervent
Radiol. (1992) 15:97–101. doi: 10.1007/BF02734099
23. Lengyel J, Greenberg DP, Richard P. Time-dependent three-dimensional
intravascular ultrasound. In: Robert Cook, editor. Proceedings of the
SIGGRAPH 95 Conference on Comp Graphics USA. Los Angeles, CA:
ACM (1995).
24. Shekhar R, Cothren RM, Vince DG, Cornhill JF. Fusion of intravascular
ultrasound and biplane angiography for three-dimensional reconstruction
of coronary arteries. In: Proc Comp in Cardiology 1996. Indianapolis, IN:
IEEE (1996).
25. Cothren RM, Shekhar R, Tuzcu EM, Nissen SE, Cornhill JF, Vince DG. Three-
dimensional reconstruction of the coronary artery wall by image fusion of
intravascular ultrasound and bi-plane angiography. Int J Card Imaging. (2000)
16:69–85. doi: 10.1023/A:1006304419505
26. Laban M, Oomen JA, Slager CJ, Wentzel JJ, Krams R, Schuurbiers JCH, et al.
ANGUS: a new approach to three-dimensional reconstruction of coronary
vessels by combined use of angiography and intravascular ultrasound. In:
Computes in Cardiology. Vienna: IEEE (1995). p. 325–28.
27. Wahle A, Prause PM, DeJong SC, Sonka M. Geometrically correct 3-D
reconstruction of intravascular ultrasound images by fusion with biplane
angiography–methods and validation. IEEE Trans Med Imaging. (1999)
18:686–99. doi: 10.1109/42.796282
28. Giannoglou GD, Chatzizisis YS, Sianos G, Tsikaderis D, Matakos A,
Koutkias V, et al. In-vivo validation of spatially correct three-dimensional
reconstruction of human coronary arteries by integrating intravascular
ultrasound and biplane angiography. Coron Artery Dis. (2006) 17:533–
43. doi: 10.1097/00019501-200609000-00007
29. Bourantas CV, Kourtis IC, Plissiti ME, Fotiadis DI, Katsouras CS, Papafaklis
MI, et al. A method for 3D reconstruction of coronary arteries using biplane
angiography and intravascular ultrasound images. Comput Med Imaging
Graph. (2005) 29:597–606. doi: 10.1016/j.compmedimag.2005.07.001
30. Thury A, Wentzel JJ, Vinke RV, Gijsen FJ, Schuurbiers JC, Krams R, et al.
Images in cardiovascular medicine. Focal in-stent restenosis near step-up:
roles of low and oscillating shear stress? Circulation. (2002) 105:e185–
7. doi: 10.1161/01.CIR.0000018282.32332.13
31. Gijsen FJ, Wentzel JJ, Thury A, Mastik F, Schaar JA, Schuurbiers JC,
et al. Strain distribution over plaques in human coronary arteries relates
to shear stress. Am J Physiol Heart Circ Physiol. (2008) 295:H1608–
14. doi: 10.1152/ajpheart.01081.2007
32. Slager CJ, Wentzel JJ, Schuurbiers JC, Oomen JA, Kloet J, Krams R, et al. True
3-dimensional reconstruction of coronary arteries in patients by fusion of
angiography and IVUS (ANGUS) and its quantitative validation. Circulation.
(2000) 102:511–6. doi: 10.1161/01.CIR.102.5.511
33. Papafaklis MI, Bourantas CV, Theodorakis PE, Katsouras CS, Naka KK,
Fotiadis DI, et al. The effect of shear stress on neointimal response
following sirolimus- and paclitaxel-eluting stent implantation compared
Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 March 2020 | Volume 7 | Article 33
Kilic et al. Intravascular Imaging-Based Coronary Artery Modeling
with bare-metal stents in humans. JACC Cardiovasc Interv. (2010) 3:1181–
9. doi: 10.1016/j.jcin.2010.08.018
34. Wentzel JJ, Krams R, Schuurbiers JC, Oomen JA, Kloet J, van Der Giessen
WJ, et al. Relationship between neointimal thickness and shear stress after
Wallstent implantation in human coronary arteries. Circulation. (2001)
103:1740–5. doi: 10.1161/01.CIR.103.13.1740
35. Stone PH, Saito S, Takahashi S, Makita Y, Nakamura S, Kawasaki T,
et al. Prediction of progression of coronary artery disease and clinical
outcomes using vascular profiling of endothelial shear stress and arterial
plaque characteristics: the PREDICTION Study. Circulation. (2012) 126:172–
81. doi: 10.1161/CIRCULATIONAHA.112.096438
36. Bourantas CV, Papafaklis MI, Athanasiou L, Kalatzis FG, Naka KK, Siogkas
PK, et al. A new methodology for accurate 3-dimensional coronary artery
reconstruction using routine intravascular ultrasound and angiographic data:
implications for widespread assessment of endothelial shear stress in humans.
EuroIntervention. (2013) 9:582–93. doi: 10.4244/EIJV9I5A94
37. Stone PH, Maehara A, Coskun AU, Maynard CC, Zaromytidou M, Siasos
G, et al. Role of low endothelial shear stress and plaque characteristics in
the prediction of nonculprit major adverse cardiac events: The PROSPECT
Study. JACC Cardiovasc Imaging. (2018) 11:462–71. doi: 10.1016/j.jcmg.2017.
01.031
38. Bourantas CV, Raber L, Sakellarios A, Ueki Y, Zanchin T, Koskinas KC, et al.
Utility of multimodality intravascular imaging and the local hemodynamic
forces to predict atherosclerotic disease progression. JACC Cardiovasc
Imaging. (2019) doi: 10.1016/j.jcmg.2019.02.026. [Epub ahead of print].
39. Bourantas CV, Raber L, Zaugg S, Sakellarios A, Taniwaki M, Heg D, et al.
Impact of local endothelial shear stress on neointima and plaque following
stent implantation in patients with ST-elevation myocardial infarction: a
subgroup-analysis of the COMFORTABLE AMI-IBIS 4 trial. Int J Cardiol.
(2015) 186:178–85. doi: 10.1016/j.ijcard.2015.03.160
40. Giannopoulos AA, Chatzizisis YS, Maurovich-Horvat P, Antoniadis AP,
Hoffmann U, Steigner ML, et al. Quantifying the effect of side branches
in endothelial shear stress estimates. Atherosclerosis. (2016) 251:213–
8. doi: 10.1016/j.atherosclerosis.2016.06.038
41. Samady H, Eshtehardi P, McDaniel MC, Suo J, Dhawan SS, Maynard
C, et al. Coronary artery wall shear stress is associated with progression
and transformation of atherosclerotic plaque and arterial remodeling
in patients with coronary artery disease. Circulation. (2011) 124:779–
88. doi: 10.1161/CIRCULATIONAHA.111.021824
42. Timmins LH, Molony DS, Eshtehardi P, McDaniel MC, Oshinski JN,
Giddens DP, et al. Oscillatory wall shear stress is a dominant flow
characteristic affecting lesion progression patterns and plaque vulnerability
in patients with coronary artery disease. J R Soc Interface. (2017)
14:20160972. doi: 10.1098/rsif.2016.0972
43. Bourantas CV, Papafaklis MI, Naka KK, Tsakanikas VD, Lysitsas DN, Alamgir
FM, et al. Fusion of optical coherence tomography and coronary angiography
- in vivo assessment of shear stress in plaque rupture. Int J Cardiol. (2012)
155:e24–6. doi: 10.1016/j.ijcard.2011.07.005
44. Slager CJ, Wentzel JJ, Gijsen FJ, Thury A, van der Wal AC, Schaar JA,
et al. The role of shear stress in the destabilization of vulnerable plaques
and related therapeutic implications. Nat Clin Pract Cardiovasc Med. (2005)
2:456–64. doi: 10.1038/ncpcardio0298
45. Fukumoto Y, Hiro T, Fujii T, Hashimoto G, Fujimura T, Yamada J,
et al. Localized elevation of shear stress is related to coronary plaque
rupture: a 3-dimensional intravascular ultrasound study with in-vivo color
mapping of shear stress distribution. J Am Coll Cardiol. (2008) 51:645–
50. doi: 10.1016/j.jacc.2007.10.030
46. Athanasiou LS, Bourantas CV, Siogkas PK, Sakellarios AI, Exarchos TP, Naka
KK, Papafaklis MI, Michalis LK, Prati F, Fotiadis DI. 3D reconstruction
of coronary arteries using frequency domain optical coherence tomography
images and biplane angiography. Conf Proc IEEE Eng Med Biol Soc. (2012)
2012:2647–50. doi: 10.1109/EMBC.2012.6346508
47. Papafaklis MI, Bourantas CV, Yonetsu T, Vergallo R, Kotsia A, Nakatani S,
et al. Anatomically correct three-dimensional coronary artery reconstruction
using frequency domain optical coherence tomographic and angiographic
data: head-to-head comparison with intravascular ultrasound for endothelial
shear stress assessment in humans. EuroIntervention. (2015) 11:407–
15. doi: 10.4244/EIJY14M06_11
48. Toutouzas K, Chatzizisis YS, Riga M, Giannopoulos A, Antoniadis AP,
Tu S, et al. Accurate and reproducible reconstruction of coronary arteries
and endothelial shear stress calculation using 3D OCT: comparative
study to 3D IVUS and 3D QCA. Atherosclerosis. (2015) 240:510–
9. doi: 10.1016/j.atherosclerosis.2015.04.011
49. Vergallo R, Papafaklis MI, Yonetsu T, Bourantas CV, Andreou I, Wang
Z, et al. Endothelial shear stress and coronary plaque characteristics in
humans: combined frequency-domain optical coherence tomography and
computational fluid dynamics study. Circ Cardiovasc Imaging. (2014) 7:905–
11. doi: 10.1161/CIRCIMAGING.114.001932
50. Yamamoto E, Siasos G, Zaromytidou M, Coskun AU, Xing L, Bryniarski K,
et al. Low endothelial shear stress predicts evolution to high-risk coronary
plaque phenotype in the future: A Serial Optical Coherence Tomography
and Computational Fluid Dynamics Study. Circ Cardiovasc Interv. (2017)
10:e005455. doi: 10.1161/CIRCINTERVENTIONS.117.005455
51. Torii R, Stettler R, Raber L, Zhang YJ, Karanasos A, Dijkstra J, et al.
Implications of the local hemodynamic forces on the formation and
destabilization of neoatherosclerotic lesions. Int J Cardiol. (2018) 272:7–
12. doi: 10.1016/j.ijcard.2018.06.065
52. Michail M, Torii R, Crake T, Ozkor M, Garcia-Garcia HM, Tenekecioglu
E, et al. Local hemodynamics: an innocent bystander or a critical factor
regulating neoatherosclerotic evolution? JACC Cardiovasc Interv. (2015)
8:e149–50. doi: 10.1016/j.jcin.2015.04.022
53. Torii R, Tenekecioglu E, Katagiri Y, Chichareon P, Sotomi Y, Dijkstra J, et al.
The impact of plaque type on strut embedment/protrusion and shear stress
distribution in bioresorbable scaffold. Eur Heart J Cardiovasc Imaging. (2019).
doi: 10.1093/ehjci/jez155. [Epub ahead of print].
54. Tenekecioglu E, Torii R, Bourantas CV, Al-Lamee R, Serruys PW.
Non-Newtonian pulsatile shear stress assessment: a method to
differentiate bioresorbable scaffold platforms. Eur Heart J. (2017)
38:2570. doi: 10.1093/eurheartj/ehx358
55. Tenekecioglu E, Torii R, Bourantas C, Sotomi Y, Cavalcante R, Zeng
Y, et al. Difference in haemodynamic microenvironment in vessels
scaffolded with absorb BVS and Mirage BRMS: insights from a
preclinical endothelial shear stress study. EuroIntervention. (2017)
13:1327–35. doi: 10.4244/EIJ-D-17-00283
56. van Ditzhuijzen NS, Karanasos A, Bruining N, van den Heuvel M, Sorop O,
Ligthart J, et al. The impact of Fourier-Domain optical coherence tomography
catheter induced motion artefacts on quantitative measurements of a PLLA-
based bioresorbable scaffold. Int J Cardiovasc Imaging. (2014) 30:1013–
26. doi: 10.1007/s10554-014-0447-3
57. Li Y, Gutierrez-Chico JL, Holm NR, Yang W, Hebsgaard L, Christiansen
EH, et al. Impact of side branch modeling on computation of endothelial
shear stress in coronary artery disease: coronary tree reconstruction by
fusion of 3D angiography and OCT. J Am Coll Cardiol. (2015) 66:125–
35. doi: 10.1016/j.jacc.2015.05.008
58. van der Giessen AG, Schaap M, Gijsen FJ, Groen HC, van Walsum T, Mollet
NR, et al. 3D fusion of intravascular ultrasound and coronary computed
tomography for in-vivo wall shear stress analysis: a feasibility study. Int J
Cardiovasc Imaging. (2010) 26:781–96. doi: 10.1007/s10554-009-9546-y
59. Karanasos A, Schuurbiers JC, Garcia-Garcia HM, Simsek C, Onuma Y, Serruys
PW, et al. Association of wall shear stress with long-term vascular healing
response following bioresorbable vascular scaffold implantation. Int J Cardiol.
(2015) 191:279–83. doi: 10.1016/j.ijcard.2015.04.231
60. Hoogendoorn A, Kok AM, Hartman EMJ, de Nisco G, Casadonte L, Chiastra
C, et al. Multidirectional wall shear stress promotes advanced coronary plaque
development - comparing five shear stress metrics. Cardiovasc Res. (2019).
doi: 10.1093/cvr/cvz212. [Epub ahead of print].
61. Boogers MJ, Broersen A, van Velzen JE, de Graaf FR, El-Naggar HM, Kitslaar
PH, et al. Automated quantification of coronary plaque with computed
tomography: comparison with intravascular ultrasound using a dedicated
registration algorithm for fusion-based quantification. Eur Heart J. (2012)
33:1007–16. doi: 10.1093/eurheartj/ehr465
62. Papadopoulou SL, Neefjes LA, Schaap M, Li HL, Capuano E, van
der Giessen AG, et al. Detection and quantification of coronary
atherosclerotic plaque by 64-slice multidetector CT: a systematic head-
to-head comparison with intravascular ultrasound. Atherosclerosis. (2011)
219:163–70. doi: 10.1016/j.atherosclerosis.2011.07.005
Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 March 2020 | Volume 7 | Article 33
Kilic et al. Intravascular Imaging-Based Coronary Artery Modeling
63. Voros S, Rinehart S, Qian Z, Vazquez G, Anderson H, Murrieta L,
et al. Prospective validation of standardized, 3-dimensional, quantitative
coronary computed tomographic plaque measurements using radiofrequency
backscatter intravascular ultrasound as reference standard in intermediate
coronary arterial lesions: results from the ATLANTA (assessment of tissue
characteristics, lesion morphology, and hemodynamics by angiography with
fractional flow reserve, intravascular ultrasound and virtual histology, and
noninvasive computed tomography in atherosclerotic plaques) I study. JACC
Cardiovasc Interv. (2011) 4:198–208. doi: 10.1016/j.jcin.2010.10.008
64. Wahle A, Olszewski ME, Sonka M. Interactive virtual endoscopy in coronary
arteries based on multimodality fusion. IEEE Trans Med Imaging. (2004)
23:1391–403. doi: 10.1109/TMI.2004.837109
65. Bourantas CV, Kalatzis FG, Papafaklis MI, Fotiadis DI, Tweddel AC,
Kourtis IC, et al. ANGIOCARE: an automated system for fast three-
dimensional coronary reconstruction by integrating angiographic and
intracoronary ultrasound data. Catheter Cardiovasc Interv. (2008) 72:166–
75. doi: 10.1002/ccd.21527
66. Bourantas CV, Plissiti ME, Fotiadis DI, Protopappas VC, Mpozios GV,
Katsouras CS, et al. In vivo validation of a novel semi-automated method
for border detection in intravascular ultrasound images. Br J Radiol. (2005)
78:122–9. doi: 10.1259/bjr/30866348
67. Doulaverakis C, Tsampoulatidis I, Antoniadis AP, Chatzizisis YS,
Giannopoulos A, Kompatsiaris I, et al. IVUSAngio tool: a publicly available
software for fast and accurate 3D reconstruction of coronary arteries. Comput
Biol Med. (2013) 43:1793–803. doi: 10.1016/j.compbiomed.2013.08.013
68. Bourantas CV, Zanchin T, Sakellarios A, Karagiannis A, Ramasamy
A, Yamaji K, et al. Implications of the local haemodynamic
forces on the phenotype of coronary plaques. Heart. (2019)
105:1078–86. doi: 10.1136/heartjnl-2018-314086
69. Shishikura D, Sidharta SL, Honda S, Takata K, Kim SW, Andrews J, et al.
The relationship between segmental wall shear stress and lipid core plaque
derived from near-infrared spectroscopy. Atherosclerosis. (2018) 275:68–
73. doi: 10.1016/j.atherosclerosis.2018.04.022
70. Costopoulos C, Maehara A, Huang Y, Brown AJ, Gillard JH, Teng Z, et al.
Heterogeneity of plaque structural stress is increased in plaques leading
to MACE: insights from the PROSPECT Study. JACC Cardiovasc Imaging.
(2019). doi: 10.1016/j.jcmg.2019.05.024. [Epub ahead of print].
71. Costopoulos C, Huang Y, Brown AJ, Calvert PA, Hoole SP, West NEJ,
et al. Plaque rupture in coronary atherosclerosis is associated with
increased plaque structural stress. JACC Cardiovasc Imaging. (2017) 10:1472–
83. doi: 10.1016/j.jcmg.2017.04.017
72. Brown AJ, Teng Z, Calvert PA, Rajani NK, Hennessy O, Nerlekar N, et al.
Plaque structural stress estimations improve prediction of future major
adverse cardiovascular events after intracoronary imaging. Circ Cardiovasc
Imaging. (2016) 9:e004172. doi: 10.1161/CIRCIMAGING.115.004172
73. VilligerM, Otsuka K, Karanasos A, Doradla P, Ren J, Lippok N, et al. Coronary
plaque microstructure and composition modify optical polarization: a new
endogenous contrast mechanism for optical frequency domain imaging.
JACC Cardiovasc Imaging. (2018) 11:1666–76. doi: 10.1016/j.jcmg.2017.
09.023
74. Costopoulos C, Timmins LH, Huang Y, Hung OY, Molony DS, Brown AJ,
et al. Impact of combined plaque structural stress andwall shear stress on
coronary plaque progression, regression, and changes in composition. Eur
Heart J. (2019) 40:1411–22. doi: 10.1093/eurheartj/ehz132
75. Migliori S, Chiastra C, Bologna M, Montin E, Dubini G, Aurigemma C, et al.
A framework for computational fluid dynamic analyses of patient-specific
stented coronary arteries from optical coherence tomography images. Med
Eng Phys. (2017) 47:105–16. doi: 10.1016/j.medengphy.2017.06.027
76. O’Brien CC, Kolandaivelu K, Brown J, Lopes AC, Kunio M, Kolachalama
VB, et al. Constraining OCT with knowledge of device design enables high
accuracy hemodynamic assessment of endovascular implants. PLoS ONE.
(2016) 11:e0149178. doi: 10.1371/journal.pone.0149178
77. Li Y, Li Z, Holck EN, Xu B, Karanasos A, Fei Z, et al. Local flow patterns
after implantation of bioresorbable vascular scaffold in coronary bifurcations-
novel findings by computational fluid dynamics. Circ J. (2018) 82:1575–
1583. doi: 10.1253/circj.CJ-17-1332
78. Gijsen F, Katagiri Y, Barlis P, Bourantas C, Collet C, Coskun U, et al. Expert
recommendations on the assessment of wall shear stress in human coronary
arteries: existing methodologies, technical considerations, and clinical
applications. Eur Heart J. (2019) 40:3421–33. doi: 10.1093/eurheartj/ehz551
79. Tenekecioglu E, Poon EK, Collet C, Thondapu V, Torii R, Bourantas
CV, et al. The nidus for possible thrombus formation: insight from the
microenvironment of bioresorbable vascular scaffold. JACCCardiovasc Interv.
(2016) 9:2167–8. doi: 10.1016/j.jcin.2016.08.019
80. Thondapu V, Tenekecioglu E, Poon EKW, Collet C, Torii
R, Bourantas CV, et al. Endothelial shear stress 5 years after
implantation of a coronary bioresorbable scaffold. Eur Heart J. (2018)
39:1602–9. doi: 10.1093/eurheartj/ehx810
81. Ng J, Bourantas CV, Torii R, Ang HY, Tenekecioglu E, Serruys
PW, et al. Local hemodynamic forces after stenting: implications
on restenosis and thrombosis. Arterioscler Thromb Vasc Biol. (2017)
37:2231–42. doi: 10.1161/ATVBAHA.117.309728
82. Tenekecioglu E, Sotomi Y, Torii R, Bourantas C, Miyazaki Y, Collet C, et al.
Strut protrusion and shape impact on endothelial shear stress: insights from
pre-clinical study comparing Mirage and Absorb bioresorbable scaffolds. Int J
Cardiovasc Imaging. (2017) 33:1313–22. doi: 10.1007/s10554-017-1124-0
83. Tu S, Holm NR, Koning G, Huang Z, Reiber JH. Fusion of
3D QCA and IVUS/OCT. Int J Cardiovasc Imaging. (2011)
27:197–207. doi: 10.1007/s10554-011-9809-2
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
The reviewer, AK, declared a past co-authorship with one of the authors,
CB, to the handling editor.
Copyright © 2020 Kilic, Safi, Bajaj, Serruys, Kitslaar, Ramasamy, Tufaro, Onuma,
Mathur, Torii, Baumbach and Bourantas. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 March 2020 | Volume 7 | Article 33
